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Abstract: In 1959, a small forest lot has been investigated thoroughly by the former Dutch Institute of
Applied Biological Research in Nature (ITBON). The site was selected because of the steep gradients
found in soil pH and moisture content. We focus here on the pH gradient from 6.7 to 3.2 (pH-KCl) in
1959 over a distance of 20 m (five plots). The decades thereafter N deposition from industry, traffic and
especially surrounding agriculture caused an acidification of soils. The highest N deposition values
(up to 90 kg N ha−1 a−1) were recorded in the late 1980s, after which N deposition decreased to more
moderate, but still elevated levels till now (35 kg N ha−1 a−1). The site was sampled again at the very
precise gradient plots in 1987 and 2019. We present our findings on soil microarthropods on this
small-scale pH gradient over time and discuss especially the problems we faced with this long-term
monitoring taking into account exact sampling, constancy in mode of extraction, constancy in slide
preparation, and identification and how to deal with changes in systematics as even a number of
species were described new to science meanwhile.
Keywords: soil microarthropods; soil acidity; systematic errors; robust
1. Introduction
Acidification is a natural process initiated by organic remnants from incomplete decomposition
of lignin and hemicellulose compounds resulting in fulvo and humic acids that leach downward in
soil and bind to iron and aluminum [1,2]. Soil acidity is then the result of both input of these acid
components and the buffer capacity of the parent material. The buffer capacity is determined on
the short run by the percentage of base saturation [2] and the amount of pedochemical weatherable
minerals in soil on the longer run [3]. Acidity or pH is an important factor in soil, which to a large
extend determines the abundance and species composition of soil microarthropods [4]. At the onset
of soil biology in the Netherlands, Dr. Joop van der Drift initiated an integrated study on various
factors influencing soil life in a small forest of Hackfort, such as humidity and water regime [5], soil pH,
and degradability of organic matter [6–8], as well as soil life itself [9,10]. The site remained an important
study area for various decades thereafter [9–14].
In 1959, a gradient study has been executed in the Hackfort forest on the influence of pH on soil
microarthropods, of which at the time only the oribatid mites have been identified to the species level.
In 1987, when the Netherlands suffered from an enormous increase of atmospheric acid deposition up
to more than 3000 mol ha−1, the gradient has been sampled again [15] and in 2019, when deposition
levels decreased to an average of 2000 mol ha−1, another sampling of the gradient took place. The initial
(1959) pH gradient was predominantly set by the amount of weatherable clay minerals in the top soil.
It is expected that acidification will occur especially in the lower pH trajectory (plots III–V) due to high
atmospheric acid deposition levels tipping mid-1980s. Furthermore, it is expected that on the higher
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pH trajectory (plots I–III), a resilience effect of pH may occur in 2019, as acid deposition decreased
again, resulting in values comparable to 1959.
In this paper, we will focus on the relation between soil pH and soil microarthropods on a time
scale of 60 years. As soil microarthropods in a stable forest soil do not vary a lot between years [16],
long-term shifts might be detected by these larger intervals. The extended period of the dataset,
however, creates additional issues. In shorter time series, a single researcher samples the sites always
following the same precise protocol (see for some other time series [17–19]). In this case, we had to
deal with sampling procedures partly done by others. We can distinguish five crucial factors that must
be kept constant for comparable results over the years of long-term time series: (1) exact sampling area,
(2) exact sampling procedure (size and depth, including litter layer), (3) extraction procedure, (4) slide
preparation, and (5) identification (taking into account taxonomic and systematic changes over the
years). We will show, for some of these steps, the magnitude of variation, even with important related
deviations in the final results.
2. Material and Methods
2.1. Site Description
Hackfort is an oak coppice grove in the East-Southeast of the city of Zutphen in the province
of Gelderland, the Netherlands, 52◦06′09.7” N, 6◦15′56.0” E (see Figure 1). The experimental area
is about 1.5 ha and is divided in a 10 m × 10 m grid. Vegetation is dominated by common oak
(Quercus robur), mixed with birch (Betula pendula), and had in 1959, an understory of wood sage plugs
(Teucrium scorodonia), wood anemone (Anemone nemorosa), bracken (Pteridium aquilinum), and wavy-hair
grass (Deschampsia flexuosa). In later years, the understory became more dominated by bramble
species (Rubus fruticosus and R. idaeus) and common nettles (Urtica dioica) at the edges of the forest,
due to increased N deposition from adjacent farmland. The forest is situated at the transition from
western riverine deposits and eastern periglacial cover sands. The soil is a riverine deposit with a few
elevation differences, making a number of gradients in clay and loam content, which results in many
short-distance gradients in soil types, varying from typic haplaquolls with the largest loam contents,
via psammaquentic haplorthods to humaqueptic spodic psammaquents, slightly elevated and low
in loam contents. Figure 2 shows the profiles of these soil types. In the experimental site, an area
was chosen in 1959 to study the microarthropod distribution over a relatively steep gradient on pH
(pH-KCL from 6.7 at plot I to 3.2 at plot V) over a distance of 20 m and an elevation difference of 35 cm
(see Figure 3). Litter type at plot I is typically mull, while towards plot V a slight litter accumulation is
visible to a moder type. Due to a land consolidation project in the wider area, groundwater tables
dropped ever since 1959 till mid-1980s. The grid system (Figure 3) is visible in the field with pickets
bearing the coordinates of that point (e.g., D10). Pickets were placed in 1956 and most are still visible
making a complete reconstruction of the grid possible in 1987 and 2019.
2.2. Microarthropod Sampling and pH Measurement
In 1959, samples were taken at three subsequent dates: 11 September, 9 October, and 30 October.
Samples in 1987 were taken on one date, 9 October, just as on 30 October 2019. Samples were taken
following a standard procedure, developed at the Institute for Applied Biological Research in Nature,
Arnhem, the Netherlands (later merged into the Research Institute for Nature management, Institute for
Forestry and Nature Research and Alterra resp., now known as Wageningen Environmental Research);
this procedure has been published by Siepel and Van de Bund in 1988 [20]. Each mineral soil sample
has 100 cc: a volume of 5 cm diameter and 5 cm depth plus litter on top. In 1959, two samples per date
were taken on each plot, making a total of 6 samples (only pooled data are available); in 1987 and in
2019, 4 and 5 samples were taken for each plot, respectively (data per sample available).
Soil cores were put on a Tullgren funnel for 1 week, during which temperature was increased
from 35 to 45 ◦C, and then, microarthropods were collected in 70% alcohol and later put into 20% lactic
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acid for clarification and identification [20]. The Tullgren funnel used for extraction [21] has been used
ever since 1936 and efficiency has not changed as the tool and protocol was the same all over the years.
Identification was done to the species level as much as possible using at present the keys for
Oribatida [22], for Gamasina [23], for Uropodina [24], and for Collembola [25]. Material from the
extractions of 1959 and 1987 was re-examined as far as possible to check the correct species identification.
In the 1959 and 1987 samples, only oribatid mites were identified to the species level, whereas in 1959,
all species of Quadroppiidae, Oppiidae, and Suctobelbidae were pooled. In 2019, all microarthropods
were identified to the species level. Sorting and identification of the 1959 microarthropods was carried
out by an experienced acarologist (J.G. de Gunst), in 1987, this was done by a student (C. Arnold)
and completed and checked by the second author. For the 2019 samples, we decided to demonstrate
the potential difference in picking out the microarthropods from the extraction fluid into the slides
for identification as part of the experiment: the first author made a first series of slides including
all distinguished animals (dataset 2019 a), while the second author made an extra set of slides with
the animals missed by the first (dataset 2019 b). The first author did know since the beginning that
the second author would check all samples after her sorting session. In this way, we intended to
demonstrate the potential difference in this crucial part of the procedure by a starting and an experienced
professional. In the analysis, we compare dataset (2019 a) with (2019 a + b), in order to highlight the
difference between a starting and an experienced acarologist. Nomenclature adopted was updated
according to current standards, following, e.g., the checklists for Oribatida [26], for Astigmatina [27],
and for Mesostigmata [28]. Values of pH-KCl were measured in the core material after the extraction
of the microarthropods, both in 1959, 1987, and 2019.Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 14 
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Figure 2. Soil profiles: typic haplaquoll ((a), at plot I), psammaquentic haplorthod ((b), plot III),
and humaqueptic spodic psammaquent ((c), plot V) (see spade for scaling).
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m.a.s.l. (top right).
2.3. Statistical Analysis
Data on microarthropods a d pH collect d in 1959, 1987, and 2019 were all analyzed across the
five plot . We started the statistical analysis with the most exte sive dataset (2019 a + b) and calculated
for every identified s eci s (having a total of >25 individuals, equaling the number of samples)
the correla ion coefficient in R. In the case of significant p-val s (<0.05), we grouped the peci s
distingui hing those having a positive correlation with pH (prefere ce for high pH values) fro those
with a negative correlation. For these species, we ch cked the abundance and distribution in the 1987
and 1959 datasets over the plots and compared these with the results of 2019 study. The latter analysis
was done for oribatids only as these were the only microarthropods identified to the species level in
the older datasets. Furthermore, we co pared the differences of datasets (2019 a) and (2019 a + b),
to assess the difference between a starting and an experienced acarologist both in terms of totals, as well
as in terms of species composition (in order to test the hypothesis that not every species is missed in
equal proportions). In addition, we also test the significance of pH differences during the years and the
same to specimens’ abundances in different years.
3. Results
3.1. pH Values Variation During 60 Years Over the Gradient
Average pH values were in the range of 2.9–7.5 (Figure 4) over the years. The pH (KCl) gradient in
1959 started with 6.7–6.8 at plots I and II and steeply decreased to 3.2 at plot V over a distance of 20 m.
In 1987, pH was lower over the whole of the gradient, however, the differences were largest in the
middle section of the gradient (plot II and III showed a pH decrease in 3.4 and 1.1 units, respectively),
whereas the value of the already acid plot V decreased only 0.3 units. In 2019, the previous trend was
reversed, i.e., plots I and II even showed an increased pH value (7.4–7.5), plot III equaled the 1959 pH
value, and the acid part (plots IV and V) remained low (2.9–3.0).
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3.2. Abundance and Distribution of Microarthropods
We recorded a total of 2396 individuals belonging to 48 taxa in 1959, 4079 belonging to 43
taxa in 1987, 2841 belonging to 122 taxa in 2019 (a) and 5963 belonging to 133 taxa in 2019 (a + b).
Table 1 gives the numbers of the different groups found during the years 1959–2019 per sample.
Acari and Collembola were the most abundant groups among those sampled. Total numbers were
substantially lower in 1959 compared to 1987 and 2019 (a + b), especially for Mesostig ata and
Prostigmata. In addition, the 2019 (a) numbers were substantially lower than 2019 (a + b). The 2019
(a) dataset had 10 species less than 2019 (a + b), these species were either rare (Adoristes ovatus,
Berniniella bicarinata, Chamobates cuspidatus, and Paragamasus lapponicus) or inconspicuous (Liochthonius
alpestris, Speleorchestes pratensis, Villersia sp., Raphignatha sp., Pygmephorus sp., and Imparipes hystrinicus).
ifferences in numbers were largely explained by large differences in small and inconspicuous species
such as Microppia minus (105 in (a) versus 782 in (a + b)). Numbers of Oribatida species hardly differed
taking into account that 13 species of Oppiidae and Suctobelbidae were not ide tified to the species
level in 1959 a d 1987. Figure 5 presents the densities of total microarthropods (Figure 5, left) and total
Oribatida (Figure 5, ri ht) over t e plots for the three time periods. Both 1959 and 2019 (a + b) show
increasing numbers of both total density and density of Oribatida with decreasing pH (increasing lot
number), whereas no pattern was visible in the 1987 data. Densities in 2019 were higher than in 1959,
bot total, as well as relative to Oribatida only.
3.3. The Relation between pH and Soil Microarthropods
We correlated the 2019 soil microarthropod data (between 2019 a + b and 2019 a) and abundance of
soil microarthropods 2019 (a + b) with pH. We can see a significant correlation between 2019 a + b and
2019 a, r = 0.917, p = 0.028. Moreover, Table 2 gives the values for 6 species positively correlated with
pH, i.e., have a preference for more neutral environments and for 17 species negatively correlated with
pH, i.e., have a preference for more acid environments. There are two examples of species belonging to
the same genus with opposite pH preferences: Hypochthonius luteus and H. rufulus (Oribatida) and
Rhodacarus calcarulatus and R. coronatus (Mesostigmata).
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Among species listed in Table 2, just four species showed a relationship with pH values,
also considering the past samplings: Hypochthonius rufulus, Platynothrus peltifer, Nanhermannia nana,
and Achipteria coleoptrata. All these species show a similar pattern (Figure 6): a clear preference for the
more acid plots in 1959 (Achipteria coleoptrata, Figure 6d, is more intermediate), an increase of the range
and numbers towards the lower plot numbers in 1987 (acidification of the area), and a retraction again
to the higher plot numbers in 2019 (resilience of pH, compare Figure 5).
Table 1. Numbers of microarthropods (total number of specimens/number of samples) found during
the years.
1959 1987 2019 a 2019 a + b
Oribatida 330 637 317 645
Astigmata 31 34 2 5
Endeostigmata # 1 48
Mesostigmata 16 126 98 121
Prostigmata 2 80 14 56
Collembola 19 142 128 266
Protura 2 2 7




Species richness * 48 43 122 133
# Endeostigmata were included in Prostigmata in 1959 and 1987. * In 1959 and 1987, only oribatids were identified
to the species level and Oppiidae/Suctobelbidae were pooled: 13 spp. in 2019.
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Table 2. Species showing a significant relationship with pH values in 2019 (a + b).
Positive Negative
Species r p Species r p
Hypochthonius luteus 0.735 <0.001 Hypochthonius rufulus −0.755 <0.001
Rhodacarus calcarulatus 0.789 <0.001 Rhodacarus coronatus −0.592 0.002
Nothrus anauniensis 0.544 0.005 Platynothrus peltifer −0.705 <0.001
Panthelozetes paollii 0.525 0.007 Poecilophysis pseudoreflexa −0.707 <0.001
Nanorchestes arboriger 0.500 0.011 Oppiella nova −0.608 0.001
Friesea mirabilis 0.494 0.012 Suctobelbella subcornigera −0.565 0.003
Pseudosinella alba 0.440 0.028 Veigaia nemorensis −0.552 0.004
Folsomia manolachei −0.546 0.005
Pergamasus celticus −0.542 0.005
Nanhermannia nana −0.508 0.010
Parisotoma notabilis −0.507 0.010
Dissorhina ornata −0.500 0.011
Malaconothrus monodactylus −0.490 0.013
Ceratophysella denticulata −0.440 0.028
Eniochthonius minutissimus −0.438 0.029
Oribatula tibialis −0.428 0.033
Achipteria coleoptrata −0.423 0.035
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i re . Four species, Hypoc thonius r f lus (a), Platynothrus peltifer (b), Nanherman ia nana (c),
and Achipteria coleoptrata (d) found to have a s gnificant negative correlation with pH over the gradient
in 2019, with the numbers found in all three periods.
A comparison of datasets of 2019 (a) and 2019 (a + b) reveals that the complete set 2019
(a + b) has four more microarthropods (Nanorchestes arboriger, Nothrus anauniensis, Friesea mirabilis,
and Ps udosinella alba) that are significantly positively correlated with pH and two significantly
negatively correlated (Dissorhina ornata and Poecilophysis pseudoreflexa) (Table 2). On the other hand,
one species turned out to lose its correlation in the completed dataset: Isotomiella minor appears to give
a false positive result in set 2019 (a).
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4. Discussion
4.1. The Relation between pH with Soil Microarthropods
The aim of this study was to monitor a pH gradient in a forest soil over a 60 years’ time period
using the microarthropod community, initially oribatids only, but extended to all microarthropods
later. The distribution and abundance of soil microarthropods are determined by a large number of
factors. Among the abiotic factors, soil pH is of high importance [29]. Our results showed a significant
negative trend of soil microarthropod communities in 1959 and 2019 with pH (see Supplementary S2),
as 1959 and 2019 have indeed similar pH gradients, whereas the 1987 series showed a mixed pattern,
maybe due to the decrease in pH values, that not all species could follow equally. Several authors have
proven that the number of soil biota strongly depends on the state of acidification of the soils [30–33].
Soil acidification induces a mobilization of potentially toxic Al and heavy metals [34–39] and a
decrease in base nutrients such as K, Ca, and Mg, which make some species not normally absorb
water at a low pH [40,41]. That microarthropods may directly recognize the acidity of the pore
water was suggested by Jaeger and Eisenbeis in 1984 [42]. Studies about pH preferences highlighted
difference among species and habitats. Some species appear to prefer the lower pH range, such as
Hypochthonius rufulus, shown by Van Straalen and Verhoef in 1997 [43], which in our data also showed
a negative correlation with pH (preference for low pH). However, referring to Platynothrus peltifer,
we found a preference for low pH, whereas Siepel in 1990 [21] found the species also in the less
acidified habitats. Dunger and Voigtländer in 2004 [44] suggested that the most informative groups of
microarthropods are oribatids and collembolans because of their high species diversity as well as their
relatively well-developed taxonomy compared to other groups of mites. This study shows that soil
microarthropod communities could be an interesting tool in order to monitor soil acidity (pH).
Although in acid forest soils, soil-fauna activity is strongly reduced, differences between species
are striking. Oppiella nova, for instance, has been reported to be strongly reduced in abundance from
older forest liming experiments [45], which makes sense as in our results, it is negatively correlated
with pH, while some species show an opposite correlation. For example, liming in a Lodgepole pine
forest gave increased abundance of the potworm Enchytronia parva and a corresponding tendency
for Friesea mirabilis, while artificial acid rain in a spruce forest gave a nonsignificant decrease in the
abundance of Parisotoma notabilis [46,47]. Our data evidenced a positive correlation of Friesea mirabilis
with pH and a negative one for Paristoma notabilis, which corresponds to these findings. Isotomiella minor
is, according to Gisin in 1943 [48], quite independent of soil pH, which indicate that this species is well
represented in all soil types; in our data, we found the species also having no correlation with pH,
although the incomplete dataset 2019 (a) gave a false correlation result.
One of the most interesting observations made in this study was the remarkable opposite
relationship with pH of two couples of species belonging to the same genera, one among the oribatids
Hypochthonius luteus and H. rufulus, where H. luteus filled the gap at the higher pH values. In 1959,
nor in 1987, the latter species has been found in the gradient, although it was known from the area as
could be confirmed from slides in the institutes collection. The other couple is among the Mesostigmata
(Rhodacarus calcarulatus and R. coronatus). It is plausible to expect that these congeneric species have
about the same food preferences and that their segregation is caused by abiotic preferences such as pH
or humidity [49]. Thus the “realized pH niche” might be a combination of many factors.
4.2. Changes in the pH Gradient Over Time
Although at the beginning, this study was not drawn in order to follow changes in pH over time,
the industrial and agricultural developments in the Netherlands over the past six decades resulted in a
dramatic increase of sulfur and nitrogen deposition (e.g., Bobbink et al., 2010 [50]). The consequence of
this increase is acidification of the less buffered soils with well-known effects on natural values; for an
extensive overview on the effect on fauna see Nijssen et al. in 2017 [51]. The existing well-documented
gradient gave an excellent opportunity to follow the soil pH changes over time. As soil acidity is
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set by both input from acidifying compounds and the buffer capacity and weatherability of soil
components [2,3], a change of pH in a natural gradient from pH KCl 6.8 to 3.2 can be expected,
as the lower part obviously has no cation buffer capacity left. As expected, we saw a significant
decrease in pH in the gradient in 1987, the peak in N deposition in the Netherlands. After early 1990s,
national measures to protect the environment resulted in a significant decrease in sulfur deposition and
some decrease in nitrogen deposition [52]. As weathering of minerals is a more or less constant and
slow process over time [53], the decrease in pH in the middle section of the gradient can be assigned
to an acid deposition higher than could be compensated by weathering of minerals. The recovery
afterwards (measurement of 2019) could then indicate that the present amount of minerals in soil
is enough to compensate the current acid deposition, but only when weatherable minerals are left.
The lower pH range shows no recovery, or even a further acidification, indicating the absence of
weatherable minerals in that part. These results support the idea of combatting acidification effects
with the use of rock dust, as the current measures of liming appear to have negative effects due to the
excess of Ca left in soil [54]. It also indicates that natural recovery from acidification effects is possible
when deposition is decreased, given that there is some loam or other weatherable minerals left in soil.
4.3. Methodological Aspects
We started this study with two goals: the study of a pH gradient in a period of increasing and
decreasing acid deposition as reported above and review of methodological aspects concerning real
long time series. We have not found time series, equally long, dealing with soil properties in relation to
soil animals in literature as the one presented here. So, this series gives a nice opportunity to evaluate
the needs and potential pitfalls for such a study. The frequency of measurements in this study is
rather low, only three points in time: 1959, 1987, and 2019. It is, however, questionable whether a
higher frequency would have added more results. It would have had a more disturbing effect on the
gradient, as room to take undisturbed samples becomes limited rather soon on such a small-distance
gradient. As we know from other shorter time series, which indicate a rather constant soil fauna [16],
the necessity to increase the frequency is not present as well. Given the situation of a long series
with a low frequency, other challenges appear: the time series transcends normal project periods
and even researchers’ life times. A good description of the site, with exact coordinates of plots and
samples, becomes evident. Our gradient has a total length of 20 m, resulting in interplot distances of
5 m. Thanks to the present labelled pickets, it was possible to reconstruct the entire grid and the exact
location of the plots sampled in 1959 and 1987. Small deviations would have given large disturbances,
as the change of the population area of, for instance, Hypochthonius rufulus (occupying almost the whole
gradient, when that suffered from acidification in 1987 and retracting towards the acid part in 2019)
would have been unnoticed or seen as spatial noise. Sampling itself has been subject to a constant
institute’s protocol [20]; small variations therein would have led also to noise, now in a temporal way.
In addition, the use of the same equipment for the extraction procedure could be kept constant in
this study as differences in extraction method or equipment can give different results [55]. We used
the Tullgren funnels of the institute that originate from 1936 and efficiency has not changed as the
tool and procedure was the same all over the years. A next, very important step in the procedure is
the preparation of the slides from the alcohol material the specimens were collected in. In this study,
we treated this step as an experiment, where the first author, as part of her training, made the slides
initially: dataset 2019 (a). A thorough re-examination of the rest material by the second author resulted
in an extra set of slides making the dataset complete: 2019 (a + b). Dataset 2019 (a) had on average
50.8% of all specimens. Strikingly, this rather big deviation gave no differences in the analysis of the
group totals, as data appeared rather robust here. As some inconspicuous species were not or hardly
present in dataset 2019 (a) (for instance, 13.4% in Microppia minus and 2.5% in Nanorchestes arboriger
and none in Speleorchestes pratensis), analysis at the species level did show discrepancies. Deviations of
this kind are hard to discover in literature, although in some cases, the efficiency of this step in the
procedure can be questioned. Finally, it proved to be useful to store at least some specimens from every
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species and sampling period for later examination. We could rectify a few identification mistakes in
this way (one from 1959 and one from 1987). Moreover, species can be detected later. In our 2019
(a + b) dataset Quadroppia galaica occurs, a species that has been described in 1985, much later than the
start of our time series. Last but not least, the necessity of proper checklists helps to translate older
synonyms to current valid names.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/22/8202/s1,
Supplementary S1: Abundance and list of taxa discovered during sampling; Supplementary S2: The relation of
pH and microarthropods.
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